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mM -1 s -1 /Gd 3+ ion (~8.15×10 +7 mM -1 s -1 /construct); for gadofullerenes, r 1~2 00 mM -1 s -1 /Gd 3+ ion (~7×10 +9 mM -1 s -1 /construct); for gadonanotubes, r 1~1 50 mM -1 s -1 /Gd 3+ ion (~2×10 +9 mM -1 s -1 / construct). These relaxivity values are about 4 to 50 times larger than that of clinically-available gadolinium-based agents (~4 mM -1 s -1 /Gd 3+ ion). The enhancement in contrast is attributed to the geometrical confinement of the agents, which influences the paramagnetic behavior of the Gd3+ions. Thus, nanoscale confinement offers a new and general strategy for enhancing the contrast of gadolinium-based contrast agents.
Magnetic resonance imaging (MRI) is one of the most powerful, non-invasive diagnostic imaging modalities in medicine and biomedical research for its superior resolution and for providing in-depth anatomical details in the early diagnosis of many diseases. 1 In MRI, the nuclear spin of water protons, which are abundant in the body, is manipulated by external magnetic fields to produce images. In the magnetization of water protons, the longitudinal T 1 and transverse T 2 relaxation times, whose values are tissue dependent, are important in the generation of contrast.
Chemical contrast agents (CAs) are widely used to improve the sensitivity and diagnostic confidence in MRI. 2 -4 In 2007, of the 28 million MRIs performed in US, nearly 45% of them used CAs. 5 These agents contain paramagnetic metal ions -mostly gadolinium ions Gd 3+ -that exhibit time-dependent magnetic dipolar interaction with the surrounding water protons and improve the MRI sensitivity by decreasing the proton relaxation time T 1 .
Despite the progress in the design and synthesis of these agents, many are still limited by low relaxivity, low specificity and potential toxicity (Nephrogenic Systemic Fibrosis in patients with renal dysfunction). In particular, aqueous Gd 3+ ions are toxic and therefore need to be sequestered using a variety of linear and macrocyclic chelates. 2 -4 Chelation minimizes the toxicity of the Gd 3+ ions, as long as they are not released by demetallation in the circulation or by transmetallation with other ions such as Zn 2+ present in the body. However, chelation can reduce the contrast enhancement (relaxivity) because it decreases the number of coordination sites available for water proton exchange (8-9 sites for aquated Gd 3+ compared to 1-2 sites for Gd 3+ -chelate compounds).
In general, clinical CAs have r 1 relaxivities of approximately 4 mM -1 s -1 at 1.41T (see Supplementary Table SI1 6 ). Theoretical models 2 , 7 predict much larger values, up to and larger than 150 mM -1 s -1 per Gd 3+ ion, with optimized electronic, exchange and motional correlation properties. Moreover, most clinical CAs have low blood circulation time (a few minutes) and are not selective to tissues or cells, further limiting their applications. There is a need for MRI CAs with physiochemical properties that can enhance the detection limit, potentially, down to the single cell level.
New NanoConstructs for MRI Contrast Enhancement
In this work, we have demonstrated enhanced efficiency of Gd-based CAs (Gd-CAs) by confining them within the nanoporous structure of intravascularly-injectable silicon MicroParticles (SiMPs). 8 Enhancement in efficiency was shown for three different Gd-CAs: Magnevist (MAG), a clinically-used Gd 3+ polyaminocarboxylate complex, and two carbon nanostructure-based lipophilic agents, gadofullerenes (GFs) and gadonanotubes (GNTs) (Figure 1a-c) .
The gadofullerenes of this study have a single Gd 3+ ion encapsulated by a spherical fullerene cage of ~ 0.7 nm in diameter. 9 The external fullerene cage, which prevents the leakage of the Gd 3+ ions, can be chemically functionalized to provide solubility and biocompatibility. 10 Even after functionalization, the GFs exist as aggregates in solution. The gadonanotubes are nanoscale carbon capsules (derived from full-length single-walled carbon nanotubes) with a length of 20-80 nm and a diameter of about 1.4 nm, which are internally loaded with Gd 3+ ion clusters. 11 , 12 Within the GNTs, the Gd 3+ ions are present in the form of clusters (< 10 Gd 3+ ions per cluster), and each GNT contains approximately 50 to 100 Gd 3+ ions. The Gd 3+ clusters are stable and the Gd 3+ ions do not leak from the nanocapsules under physiological conditions. 12 Because of the hydrophobic nature of their external carbon sheath, the GNTs exist in the form of bundles. In this work, a homogeneous dispersion of GNTs (debundled GNTs) was prepared using Na 0 /THF reduction. 13 The SiMPs were microfabricated using a combination of photolithography and electrochemical etching that allows for the size, shape and porosity of the particles to be controlled. 8 , 14 The shape can be hemispherical, quasi-hemispherical or discoidal with an effective diameter ranging from 600 nm to a few microns. The diameter of the pores can be tailored to be between 10 nm (small pores) and 100 nm (large pores). In this work, the GdCAs were loaded within the nanopores of quasi-hemispherical (H-SiMPs) particles, with a nominal diameter of 1.6 μm and thickness of about 1 μm, and discoidal (D-SiMPs) particles, with a nominal diameter of 1.0 μm and thickness of about 0.4 μm (Figure 1d -e). The pores had an average diameter ranging between 30-40 nm for both SiMPs, being slightly larger for the discoidal particles compared to the quasi-hemispherical particles.
The Gd-CAs were loaded into the SiMPs by exposing dry SiMPs to a concentrated aqueous solution of the CAs, which are then drawn into the pores by capillary action. 15 Two different loading procedures were used in this study: i) single-step and ii) sequential loading, where the SiMPs were exposed multiple times to the concentrated solution of Gd-CAs. As shown in Figure 2a for the representative case of H-SiMP/GNT, no significant difference was observed in loading efficiency between the two procedures. However, for the single-step procedure, Gd-CAs were also seen to adhere to the SiMP surface, whereas with the sequential loading, most (if not all) Gd-CAs were confined within the SiMP pores (FigureSI11,12) . Therefore, the sequential loading was used in this work. Figure 2b shows the amount of Gd 3+ ions within the H-SiMPs as a function of the GNT concentration within the aqueous stock solution. The silicon particles are saturated with a stock solution of 600 μl leading to about 0.15 μg of loaded Gd 3+ ions. Similar results were derived for the D-SiMPs (FigureSI2). For analyzing the stability of the nanoconstructs, the release of the GNTs from saturated SiMPs was measured at 2h and 24h. The amount of Gd 3+ ions released over time was found to be below the detection limit of ICP-OES.
MRI Characterization of the Nanoconstructs
The relaxivity (r i ) or the ability of a paramagnetic material to act as a MRI contrast agent, can be described as the change in the relaxation rate 1/T i (s -1 ) of water protons per mM concentration of the CA and can be calculated using the expression
where T i is the relaxation time in the presence of CAs, T id is the relaxation time in the absence of CAs, and [CA] is the concentration of paramagnetic CAs (mM). The longitudinal relaxivity, r 1 , measured for the six different nanoconstructs is presented in Figure 3 . As compared to the Gd-CA alone, a statistically significant increase in r 1 was observed for all nanoconstructs: for MAG, r 1 increased by about 4 times with the H-SiMP and 2 times with the D-SiMP; for GFs, r 1 increased by about 3 times with the H-SiMP and 2.5 times with the D-SiMP; for GNTs, r 1 increased by about 1.5 times for both SiMPs. Compared to aqueous Gd 3+ ion (r 1 ~8 mM -1 s -1 ) and to the clinically-used Gd-based CAs (r 1 ~4 mM -1 s -1 ), the longitudinal relaxivity of the nanoconstructs is from about 18 to 40 times larger. The GF/ SiMP nanoconstructs were characterized by large standard deviations since nearly 60% of the GF stock solution consisted of empty fullerenes, owing to difficulties in their separation.
For the representative case of the H-SiMP/GNT nanoconstruct, the contrast enhancement properties were also examined using a clinical MRI scanner at 1.5T, and the results are presented in Figure 4 . The H-SiMP/GNT construct showed a significantly lower inversion time (T inv = ~1200 ms) compared to empty SiMPs (T inv =~1700 ms) (Figure 4b ), demonstrating that the contrast enhancement efficacy is due to the GNTs within the HSiMP/GNT nanoconstruct.
Longitudinal Relaxivity and Geometrical Confinement
The classical theory for predicting the efficiency of MRI CAs is based on the work of Solomon, Bloembergen and Morgan 2 , which is especially applicable in the medium-to-highfield regime (> 0.1T) (Supplementary Information). In this approach, the longitudinal relaxivity r 1 comprises two contributions: the inner-sphere relaxivity r 1 IS and the outersphere relaxivity r 1 OS . For r 1 IS , the most influential parameters are (i) the number, q, of fastexchanging water molecules within the inner-sphere; (ii) the characteristic tumbling time, τ R , of the agent together with its inner-sphere water molecules; (iii) the characteristic water proton residence lifetime, τ m , of the inner-sphere water molecules; and (iv) the separation distance, r GdH , between the water protons and the metal ion. For r 1 OS , which arises from the translational diffusion of water molecules near the Gd 3+ ions, the most influential parameter is the diffusion correlation time τ D (Supplementary Information). In the case of Magnevist, the inner-and outer-sphere mechanisms contribute almost equally to the longitudinal relaxivity r 1 (Supplementary Figure SI2) . For gadofullerenes, in addition to the outer-sphere contribution, an inner-sphere-like mechanism, originating from the water proton exchange between the bulk and protonated OH sites on the fullerene cage, has been proposed. 9 For gadonanotubes, as detailed below, the major contribution comes from the inner-sphere relaxivity.
Most research devoted to the design of new, high-efficiency CAs with optimized relaxivity has focused on controlling the above parameters. 16 For GFs, the interpretation of the results is more challenging because of the unique and still not fully understood behavior of these agents. 9 No theory yet can accurately predict the Nuclear Magnetic Relaxation Dispersion (NMRD) profile of GFs, and the SBM approach provides a satisfactory approximation only within the clinically relevant regime (10 -100 MHz) and for very low fields (Figure 5d ). The picture is complicated even further by observing that experimental studies on GFs suggested that their high relaxivity originates primarily from the formation of aggregates characterized by larger diffusion correlation times τ D (outer-sphere) and slightly longer tumbling times τ R (inner-sphere-like). 9 , 22 The loading of GFs into nanopores could favor aggregation and possibly coordinate interactions among adjacent clusters. For GFs, an increase in τ R and τ D (reduction in D) would certainly result in an increase of r 1 (Figure 5d ,e). 23 The increase in τ D seems to be more effective particularly for GF with a large relaxivity (Figure 5e,f) . The scattering observed in r 1 for the SiMP/GF constructs has yet to be understood due to the presence of empty fullerenes in the stock solution and to the level of aggregation, both of which are parameters not easily controlled during the synthesis process. On the other hand, GNTs can be more effectively manipulated to obtain stock solutions with homogenous properties. Therefore, the following discussion is more focused on GNTs. The experimental NMRD profile (solid dots) for debundled GNTs (solubilized in water with a dextran coating, i.e. GadoDex, see Supplementary Information) is shown in Figure 6a together with three solid lines representing the best fit of the experimental data from the SBM Theory. The theoretical predictions can accurately reproduce the experimental NMRD profile only in the mediumto-high field regime (ν I > 10 MHz), which is the clinically-relevant range. The best fit was obtained for q = 2, τ R = 100 ns, τ m = 1.5 ns, r GdH = 0.31 nm, with the values for other parameters as shown in Figure 6d . The accuracy of the fitting is clearly shown in the inset of Figure 6a . The characteristic τ R value used is relatively long when compared to other Gdbased CAs studied so far (see Supplementary Table SI1 ). However, it should be noted that for a spherical CA of radius a = 5 nm tumbling in aqueous solution, the characteristic τ R is about 100 ns, and larger values can be estimated for a cylindrical nanoparticle (GNTs, 20-80 nm long and 1.4 nm in diameter) tumbling within a SiMP nanopore (Supplementary Information). For other fitting parameters (except for q, τ R and τ m as discussed above), their values fall within the ranges normally observed for Gd-based CAs (Supplementary Table  SI1) . 2 In addition, the simulated NMRD profiles have been observed to be quite insensitive to variations in τ v and Δ 2 ( Supplementary Figures SI4 and SI5) . Also, for the GNTs, it has been estimated that the inner-sphere contribution to r 1 relaxivity dominates the outer-sphere contribution (r 1 OS / r 1 IS < 1) (Supplementary Figure SI6) , in agreement with recent findings that show this is generally the case with slowly rotating CAs with large relaxivity. 24 The nanoconstruct obtained by loading debundled GNTs into the SiMPs demonstrated a r 1 relaxivity of ~150 mM -1 s -1 at 1.41T, which is significantly larger than the ~90 mM -1 s -1 observed for the debundled GNTs before loading. Starting from the fitting parameters obtained for the debundled GNTs alone, the theoretical NMRD profiles for different values of q, namely, q = 2, 4 and 6 (fixed τ m = 1.5 ns), and for different values of τ m , namely, τ m = 0.1, 1.5 and 2.9 ns (fixed q = 2), are plotted in Figures 6b and c, respectively. Given the large value of τ R for GNTs, its contribution to r 1 is minor compared to the other two parameters. Increasing τ m at constant q leads to significant narrowing of the relaxivity peak and also to the shifting of the peak to lower field strengths (Figure 6c ). In addition, it was observed that, in the medium-to-high-field regime (ν I > 10 MHz), a greater increase in r 1 can be achieved by increasing q than by increasing τ m (Figures 6b and c) .
The relaxation time measurements clearly demonstrate that the SiMPs themselves do not contribute to the relaxivity of the nanoconstruct. Thus, the increase in relaxivity observed for the nanoconstruct can be attributed solely to the geometrical confinement of the debundled GNTs and their final organization within the pores. The confinement of debundled GNTs within the SiMPs nanopores could increase their tumbling time, τ R , to an even greater extent because of the contact with the pore walls and the increase in effective viscosity of the aqueous solution trapped within the pores. Although the surfactant wrapping would prevent the aggregation of debundled GNTs within the pores, the debundled GNTs, packed in close proximity to one another within the nanoconstruct would resemble a uniform nanotube bundle, and indeed, the r 1 relaxivity of the nanoconstruct (~ 150 mM -1 s -1 per Gd 3+ ion) is similar to the value reported for bundled GNTs (r 1 ~ 170 mM -1 s -1 ) 11 . This type of pseudoaggregation of debundled GNTs inside SiMPs could result in water molecules getting trapped in the interstices of the GNT bundles. A similar effect has been found for GFs which aggregate in aqueous solution forming interstices with confined water molecules. 22 , 23 It had been shown that disruption of the aggregates leads to a considerable decrease of relaxation enhancement. The water molecules trapped between debundled GNTs inside SiMPs could enhance the overall relaxivity like second sphere water molecules in the case of some more common Gd 3+ complexes. 25 , 26
Conclusions
By confining Gd-CAs inside the nanoporous structure of microfabricated silicon particles, the T 1 contrast of these agents can be improved. Geometrical confinement can alter the original parameters q, τ m , τ R and τ D , and potentially others, by reducing the ability of the CAs to tumble, by decreasing the mobility of the water molecules and by favoring clustering and mutual interactions among the loaded CAs. Because the size, shape and surface properties of the SiMPs can be rationally designed 27 , 28 and tailored 14 to enhance the accumulation at biological target sites 29 , they represent a good particle-based system for efficient intravascular delivery. Furthermore, SiMPs can be engineered to control degradation 30 and improve their overall half-life in blood without affecting the MRI performance of the CAs inside. The nanoconstructs may potentially be used for single-cell imaging techniques, where high relaxivity (r 1 > 100 mM -1 s -1 ) and large local concentrations of Gd 3+ ([Gd 3+ ] > 10 7 /cell) are needed. 31 Finally these nanoconstructs might also be loaded with multiple agents, such as other nanoparticles and/or small molecules and drugs 32 -35 , to generate multifunctional systems that have both imaging and therapeutic capabilities.
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SiO 2 layer was deposited by Low Pressure Chemical Vapor Deposition at 400°C. Standard photolithography was used to pattern a 1.0 μm circular pattern with 1.0 μm pitch over the SiO 2 capped porous layer using a contact aligner (K.Suss MA6 mask aligner) and NR9-500P photoresist (Futurrex Franklin, NJ, USA). The pattern was transferred into the porous double layer by dry etch in CF 4 plasma (Plasmatherm 790, 25sccm CF 4 , 100 mTorr, 200W RF). The capping SiO 2 layer was removed in 49% HF, and the particles were released from the substrate by sonication in isopropanol. The particles were treated with H 2 O 2 at 100°C to oxidize the surface.
Volumetric particle size, size distribution and count were obtained using a Multisizer 4 Coulter® Particle Counter (Beckman Coulter, Fullerton, CA, USA). The SiMP zeta potential was analyzed in phosphate buffer (PB, pH 7.3) using a ZetaPALS (Brookhaven Instruments Corporation, Holtsville, NY, USA). Particles structure and integrity were verified by SEM.
Fabrication and modification of GFs and GNTs
Polyhydroxylated Gadofullerenes [Gd@C 60 (OH) x ; x ~27] were prepared 9 , 22 and dissolved in HPLC grade water. The resulting solution was passed through a 0.2 μ filter and centrifuged at 3200 rpm for 10 minutes. The resulting supernatant solution was used for loading and MRI characterization.
Individual US-tubes loaded with Gd 3+ ions were prepared as described previously. 11 , 13 , 36 As produced, individual gadonanotubes (GNTs) were then dispersed in a biocompatible, non-ionic, pluronic® (Polyethylene oxide-polypropylene oxide block copolymer, BASF corporation, NJ) polymer (1.0 % W/V). The dispersion was centrifuged at 3200 rpm for 10 minutes and the supernatant was dialyzed against running water to remove any excess surfactant. The resulting aqueous dispersion was used for the SiMP loading experiments.
Loading of the SiMPs with Gd-CAs
SiMPs were lyophilized to dryness for 6 hours in non-stick plastic tubes using Labconco® FreeZone™ Freeze Dryer system. Two protocols were tested: (1) single-step and (2) sequential loading. For (1), dry Si particles were mixed with 300 μL of Gd-CAs solution.
The resulting suspension was sonicated (30 W bath sonicator) for 5 minutes and centrifuged for 10 min at 3200 rpm. The supernatant was discarded and the sediment washed twice with deionized water to remove any excess of Gd-CAs adhering to the outer surface of the Si particles. For (2), the Si particles were introduced initially to 100 μl of Gd-CAs stock solutions, followed by sonication and centrifugation. After the supernatant was discarded, another 100 μl of the stock solution was added followed by sonication and centrifugation. The process was repeated with addition of 100 μl of stock solution followed by loading and washing twice with DI water. In order to estimate the efficiency of loading, the particles were dissolved in 1N NaOH overnight. The resulting solution was treated with ~26 % HClO 3 and heated to dryness. The resulting precipitate was dissolved in 2 % HNO 3 . Si and Gd 3+ ions released from the particles during the degradation process were measured using a Perkin-Elmer Elan 9000 inductively coupled plasma-optical emission spectrometer (ICP-OES) respectively.
Release of GNTs from SiMPs
The SiMPs were exposed to a GNT stock solution of 600 μl. The nanoconstructs were then dispersed in HPLC water and left at room temperature. At 2 h and 24 h, the SiMPs were filter-spun using 0.45 μm filter columns at 3200 rpm for 5 min. The washings were assessed for the concentration of Gd 3+ -ions using ICP-OES.
Relaxometry studies
The Phantom studies in clinical scanner were performed in a 1.5 T commercial scanner (Achieva, Philips Medical Systems, Best, The Netherlands) equipped with a 32-channel radiofrequency system. A 32-or 16-element phased-array surface coil was used for MR signal reception. An inversion recovery sequence was used for image acquisition with TR = 7500 ms and TE = 20 ms. ps) e). f, The calculated maximum longitudinal relaxivity r 1 of the SiMP/GF nanoconstructs as a function of the governing parameters τ R and τ D . All the other parameters as from the Table h ). The magnetic properties in g) and h) are derived from the best fitting of the experimental NMRD profiles. Nat Nanotechnol. Author manuscript; available in PMC 2011 May 01.
